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Introduction
The relationship between power and time to fatigue has been characterized by a hyperbolic function (Monod and Sherrer, 1965) . The time to exhaustion is inversely proportional to the rate at which the work is performed. The model equation can be written as t = W'/(p -P c ) in which t is the time to exhaustion and p is the external power output. The parameters of the hyperbolic model include P c , a critical power which could theoretically be maintained indefinitely without exhaustion. P c has been proposed to represent the greatest power depending only on the renewal of aerobic energy. The second parameter W' is the amount of work that can be performed over P c . This parameter has been proposed to represent the limited energy reserves of the body including phosphagens, anaerobic glycolysis, and O 2 stores (Poole et al., 1988) . W' is referred to as anaerobic work capacity (AWC).
Although the real significance of P c and W' has not been completely elucidated (Morton and Hodgson, 1996) , the hyperbolic model has been shown to accurately fit the power/time relationhip (Gaesser et al., 1995; Morton and Hodgson, 1996) . Solving the model requires a series of constant-load exercises performed until exhaustion. However, Morton (1994) set out to estimate the parameters of the power/time relationship from a series of progressive ramp exercises. A subsequent report concluded that P c and W' estimates are equivalent when using either ramp or constant power tests (Morton et al., 1997) .
Since several trials are needed to estimate P c and W', the different tests have to be performed over several days. Because of these constraints, it is difficult to use this technique to design an athlete's training program or to examine adaptations during an experiment. In order to assess endurance with a less time-consuming technique, the present study aimed to estimate the parameters of the power/ time relationship from a single progressive ramp test. The objective was thus to estimate two parameters from only one trial. This is done by assuming that P c equals the power at the ventilatory threshold (VT). W' is also estimated from the total amount of work done over P c (Figure 1 ). Power at VT was chosen to assume P c although there is limited data on their comparison. Nevertheless, P c from the hyperbolic model was significantly correlated with power at VT assessed during Figure 1 . Schematic representation of the hyperbolic model applied to constant-load (left panel) and ramp exercises (right panel). The duration of an exercise performed at a constant power P, greater than P c , would be limited by W', the amount of work over P c . During a progressive ramp test, W' would represent the amount of work over Pc until the subject reached P peak at exhaustion (P c = critical power; P peak = peak power).
progressive exercise (R = 0.91 and N = 16 in Moritani et al., 1981) and with V . O 2 at VT (R = 0.90 and N = 13 in Smith et al., 1999) . Furthermore, in the study of Moritani et al. (1981) , no significant difference was observed between P c and power at VT (p > 0.05).
The purpose of this study was to examine whether the parameters of the power/time relationship could be estimated from a single ramp test assuming P c to be equal to the power at VT and W' to be maximal work done during exercise. P c and W' obtained from a single progressive exercise were compared with the estimates from a series of exercises to exhaustion: (a) 4 constant-load tests with varied powers, and (b) 4 progressive ramp tests including 2 with a slope of 15 W·min -1 and 2 with a slope of 30 W·min -1 . The progressive exercise tests were repeated twice for each slope in order to examine the reproducibility of the data from a ramp exercise.
Material and Methods

SUBJECTS AND EXPERIMENTAL PROCEDURES
Twelve healthy and physically active young men (age 22.7 ± 1.7 yrs; height 178.6 ± 6.9 cm; mass 74.1 ± 8.8 kg) volunteered for this study. They were all enrolled in regular activites including running and cycling, but were not highly trained. All procedures were approved by the local ethics committee (Conseil Consultatif de la Protection des Personnes dans la Recherche Biomédicale de la Loire). Before giving his written consent, each subject was informed of all risks associated with the protocol.
The experimentation began with a familiarisation visit including a progressive ramp test to exhaustion with a slope of 15 W·min -1 . This test was used to obtain a first estimation of peak power (P peak ) and power at the ventilatory threshold. The subjects then underwent the different trials in random order at least 24 hrs apart. These trials included (a) 4 progressive ramp tests to exhaustion, 2 with a slope of 15 W·min -1 and 2 with a slope of 30 W·min -1 , and (b) 4 endurance tests at constant power determined from the first ramp test: Level 1, P peak + 10%; Level 2, P peak ; Level 3, midpoint between P peak and P VT ; and Level 4, 10-20 W over power at VT. The subjects also underwent a trial to measure maximal accumulated oxygen deficit, which was not used in this study. This test was preceded by a 10-min exercise at 50% P peak .
All tests were done on an electronically-braked cycle ergometer (Monark 839E, Stockholm, Sweden) with a target pedaling frequency of 75 rpm. During each ramp test, pulmonary gas exchange was measured continuously using a computerized system (CPXD, Medical Graphics Corp., St Paul, MN). Ventilatory threshold (VT) was determined as described by Caiozzo et al. (1982 (Figure 2 ). The power at VT was computed via the linear relationship between V . O 2 and power. The slope of the relationship was determined for each ramp test from power greater than 50% P peak and the y-intercept was derived from steady-state V . O 2 measured during 10-min cycle exercise at 50% P peak . For the 4 constant power tests, after a 10-min warm-up at 50% P peak , power was increased steeply to the predetermined value. All exercise tests were performed to exhaustion. An exercise test was considered finished when subjects could no longer maintain pedaling frequency in spite of verbal encouragement from the experimenters.
MATHEMATICAL MODELING AND STATISTICS P c and W' were computed for each subject in three different ways: (a) from the series of 4 constant power tests; (b) from the series of 4 ramp tests; and (c) for each single ramp test. P c was assumed to be equal to the power at VT, and W' was assumed to be the total amount of work done over P c . The data for the 4 endurance tests were fitted using linear and nonlinear formulations of the simple hyperbolic model as described in previous studies (Gaesser et al., 1995) . P c and W' were fitted using three mathematical formulations: (a) the Lin-W model, W = W' + P c ·T based on the regression of total performed work (W) vs. time to exhaustion; (b) the Lin-P model, P = P c + W'/T based on the regression of power (P) vs. the inverse of T; and (c) the NLin-2 model using the nonlinear formulation of the model, T = W'/(P -P c ). The data from one subject were discarded because the goodness-of-fit of the models was much lower for him than that obtained in other subjects or reported in the literature. The difference in parameters according to the method of estimation was thus tested for the 11 remaining subjects. . CO 2 as described by Caiozzo et al. (1982) .
Ventilatory equivalent for O 2 and CO 2
The data for the series of 4 ramp exercises were analyzed using procedures described by Morton et al. (1997) . Estimates were obtained by solving the equation t peak = P c /s + √2W'/s in which t peak was the time to reach exhaustion and s the rate of power increment. Finally, P c and W' were derived from each ramp exercise using power at VT to estimate P c , and W' was computed as W' = (t peak -P c /s) 2 ·s/2. Models were fitted to the series of constant-load or ramp tests using MATLAB software (The MatWork, Inc.). Other statistical analyses were performed with StatView software (SAS Institute Inc., Cary, NC). Means were compared using ANOVA with the Scheffé procedure as a post hoc test when appropriate. The reproducibility of the estimates was assessed from the SD of the difference between the two tests at the same power increment. The SD was expressed as a percentage of the mean value and divided by √2 as described by Hopkins et al. (2001) . Table 1 shows the different parameters emerging from each ramp test. When P c was estimated from power at VT, a difference of 6% was observed between tests using slopes of 15 W·min -1 and 30 W·min -1 . This difference did not reach the limits of statistical significance (p = 0.07), however, although V . O 2 at VT was significantly lower for ramp exercise with a slope of 30 W·min -1 (p < 0.01). No statistical difference was observed for W'. The intrasubject variability when using ramp slopes of 15 W·min -1 and 30 W·min -1 was 6.5 and 7.8% for the P c estimation, and 23.3 and 18.5% for the W' estimation, respectively. Table 2 compares the estimates for P c and W' from single progressive ramp tests to those emerging from a series of constant-load ramp tests (n = 11). No significant difference was observed for P c as estimated from the different models.
Results
W' estimated from the series of 4 ramp exercises (17.2 ± 9 kJ, p < 0.05) and from a single 15 W·min -1 ramp test (19.2 ± 5.7 kJ, p < 0.05) were significantly lower than estimated from the nonlinear model using a series of 4 rectangular tests 20.6 ± 7.5 20.9 ± 9.5 23.1 ± 8.1 22.4 ± 6.4
Note: Level of confidence for the difference between ramp slope of 15 vs. 30 W·min -1 : * p = 0.07; ** p < 0.01; *** p < 0.001. VT = ventilatory threshold, W' = anaerobic working capacity, P peak = peak power, W = Watts, kJ = kilojoules.
(30.5 ± 9.5 kJ). The difference for a single 30 W·min -1 ramp test (22.6 ± 7.0 kJ) did not reach the limit of statistical significance. The individual differences between power at VT and P c estimated from the nonlinear model were computed according to the slope of the ramp test. They were 8 ± 17 W and 13 ± 29 W for the 15 W·min -1 ramp test, and -6 ± 36 W and -2 ± 24 W for the 30 W·min -1 ramp test.
Discussion
The main finding of this study was that parameters of the power/time relationship could be estimated from a single ramp test. The power/time relationship was estimated from only one ramp exercise assuming that P c equals power at VT. The results of this study showed the soundness of this assumption. Nevertheless, it appears that using a single or a series of ramp tests underestimated W'. The reliability of the estimates from a single ramp test could also be affected by the estimation of P c from a single determination of VT. Morton et al. (1997) have concluded that using constant-load or progressive ramp exercise produces equivalent estimates of P c and W'. That previous report was crucial in prompting us to undertake the present study. No significant difference was observed between P c estimated from a hyperbolic model fitted to constant-load tests or to a single or series of ramp tests. Even if the slope of the ramp test could have slightly affected the estimation of P c , the difference did not reach the limits of statistical significance. However, a significant difference was observed for W' between the series of ramp and constant-load tests when using nonlinear formulation of the hyperbolic model. The difference was statistically significant only for this formulation of the hyperbolic model. The nonlinear formulation of the model would be preferable to others on statistical grounds because time Note: Values for single ramp test were averaged for the 2 measurements. *Significant difference, p < 0.05, compared to estimation from rectangular tests using nonlinear model formulation (T vs. P). W' = anaerobic working capacity, P c = critical power, W = Watts, kJ = kilojoules. N = 11, data from one subject discarded due to unsuccessful fit for the series of rectangular tests.
was considered as the dependent variable (Gaesser et al., 1995; Morton and Hodgson, 1996) . This result does not completely contradict the study of Morton et al. (1997) . Indeed, a discernible difference in mean W' estimates was also observed between nonlinear constant-load and ramp models (p < 0.05). Nevertheless, because of the number of comparisons, this difference was considered as spurious (Morton et al., 1997) . The underestimation of W' with the series of ramp tests was in keeping with lower estimates from a single ramp test with power at VT for P c . However, the limit of statistical significance was reached only for the comparison between the single 15 W·min -1 ramp and the series of constant-load exercises using the nonlinear model. The difference in W' estimation between incremental and constant-load exercises could stem from the specificity of the ramp test. The hyperbolic model of the relationship between power and time to exhaustion introduced simplifications that could affect the estimates in a different manner according to exercise conditions. For example, the model does not take the dynamics of metabolic responses to exercise into account. Continuous unsteady conditions during ramp exercise could unmask model defects.
The slope of the ramp exercise did not significantly affect the estimates for P c and W' from a single test. Although the peak power reached at the end of the ramp test increased with ramp slope, this difference did not significantly affect the total work done after reaching VT which was used to estimate W'. Otherwise, P c estimated from the 30 W·min -1 ramp test was 6% lower than from 15 W·min -1 , in keeping with a nonsignificant difference of 9% for W'. Although the difference in the estimation of P c did not reach the limit of statistical significance, this was in line with a significant difference for V . O 2 at VT. In contrast with data in the literature Weston et al., 2002) , V . O 2 at VT was significantly lower with the rate of 30 W·min -1 than 15 W·min -1 . The dynamics of oxygen uptake response to power increment could yield to an O 2 deficit increasing more quickly with a steeper ramp. Nevertheless, the effect of ramp slope on VT had a small influence on the estimation of P c and W'.
The reproducibility of P c and W' estimations were similar when using a single 15 or 30 W·min -1 ramp with a higher variability for W' than P c (around 20% and 8%, respectively) . This difference in intrasubject variability could be explained by the computation of W' from the square of a function including time to exhaustion and P c . This could have an inflationary impact on W' reproducibility. The data of Gaesser and Wilson (1988) from 2 series of 5 constant-power tests showed a series-to-series variability around 3% for P c and 10% for W'. Using a single test to estimate P c and W' thus yields a reproducibility lower than expected from a series of tests. Additionally, although no statistical difference was observed between power at VT and P c estimated from the hyperbolic model, individual differences were observed. The error when using power at VT as the estimate of P c would make the error in W' estimation worse because it is based on the estimate for P c .
In conclusion, this study showed that using a single ramp test could be an alternative method for estimating the parameters of the relationship between power and time to exhaustion. The parameters of the relationship were not statistically different when using a series or a single ramp test, whereas both procedures produced estimates for W' lower than from a series of tests at a constant power. Using a single rather than a series of exercises seems to affect the estimations to a lesser extent than applying the model to the ramp exercise. The potential advantage in time when using only one test to estimate P c and W', however, results in reliability lower than would be expected from a series of tests.
